This paper presents the effects captured by dynamically simulating large c o m p l e x projects. The simulation is accomplished by developing standard commodity modules which are then li-nked. Traditional dynamic simulation languages can be used or t h e modules in C-enhanced user interfaces can be deployed.
Over the past thirty years, project management has undergone significant growth and development. Fueled by a major expansion in technological complexity, m o r e sophisticated planning and project control aids have become necessary simply to keep up with the needs of industry. Today, no single large engineering project begins unless accompanied by extensive planning and task scheduling.
Yet, as projects have grown larger and more complex, it has also become evident that they are increasingly susceptible to cost and schedule overruns due to external disruptions. Such overruns were generally undetected by critical path models until they became unavoidable. By the time the overrun potential was identified by the project model, managers quickly f o u n d themselves immersed in a "fire drill" atmosphere from which there was little opportunity for escape. Turning to their critical path models, managers demanded more detail and more frequent project information and planning, often at increasingly greater cost. By that time, traditional management t o o l s offered little to reduce the potential for overruns.
To many practitioners, it appeared that the practical limits had been achieved with computer-based critical path project planning.
While project managers have long recognized the direct and ripple effects due to changing requirements, the traditional planning and cost control tool ---the computer based critical path model ---has been of limited value in demonstrating those effects. The need for more powerful project management tools has led to the development of a new modeling technique to complementing the traditional critical path project model. This new area, dynamic project modeling, offers a Juan M. Huerta PDMI 235 Concord Ave. Lexington, MA 02173 faster and more accurate representation of the resource and information flows of a large, complex project than is available from critical path models. Devonrue has pioneered the application of dynamic project simulation to large complex engineering and construction projects through the use of Large Project Simulation (LPS) modeling.
Devonrue's LPS dynamic models are mathematically simple and afford a practical, rigorous way to articulate the complex changes in a construction project to both a practitioner and the layman. When applied to project models, dynamic models offer three benefits of value in construction claims:
quantifies the ripple effects due to external change;
illustrates the natural limitations of management decisions in preventing overruns caused by changing external requirements; and,
-complements traditional critical path methods by graphically explaining overruns to laymen.
Q u a n t i f y i n g R i p p l e E f f e c t s .
A unique feature of dynamic project models not offered by network planning methodologies is the ability to calculate the ripple (secondary) effects on project cost and schedule due to changing requirements. These changes might include changing government regulations, changing client needs or changing workforce availability. Ripple effects occur in labor productivity, unanticipated schedule slack and float time, and resource availability constraints resulting from unanticipated production changes. These processes can only be modeled by using dynamic modeling with explicitly represented feedback mechanisms. In this respect, dynamic project models complement the static critical path models by providing the capability to readily perform sensitivity analyses of likely perturbations and their consequential ripple effects.
N a t u r a l L i m i t a t i o n s t o
M a n a g e m e n t D e c i s i o n i n P r e v e n t i n g O v e r r u n s . CPM/PERT models monitor individual engineering and construction tasks (i.e., the discrete pieces of work required to complete the project). If all the tasks are completed, the project is complete. The LPS model captures the measures of the activities which the engineering portion of a project, the measurements would typically include a complete set of basic engineering products, produce the tasks. I f one w e r e f o c u s i n g on s u c h a s t h e n u m b e r o f d r a w i n g s , s p e c i f i c a t i o n s , c a l c u l a t i o n s , e t c . I f one were f o c u s i n g on t h e c o n s t r u c t i o n p o r t i o n of a p r o j e c t t h e measurements m i g h t i n c l u d e c u b i c f e e t of c o n c r e t e r e a d y f o r p o u r i n g , c u b i c f e e t of c o n c r e t e poured, c u b i c f e e t of c o n c r e t e removed and r e p l a c e d , e t c . T h i s a p p r o a c h d i r e c t l y models t h e work p r o c e s s , b y p a s s i n g t h e c o s t a c c o u n t i n g and s c h e d u l i n g r e p r e s e n t a t i o n o f t h e p r o j e c t . Although t h e model a l s o t r a c k s t h e p r o j e c t ' s t a s k f o r s c h e d u l i n g p u r p o s e s , a c t u a l c o s t s c a n b e d i r e c t l y c a l c u l a t e d as t h e y are i n c u r r e d i n t h e p r o d u c t i o n o f t h e v a r i o u s e n g i n e e r i n g p r o d u c t s .
Dynamic p r o j e c t models r e p r e s e n t t h e flow Of i n f o r m a t i o n , r e s o u r c e s , and p r o d u c t s on a p r o j e c t .
These f l o w s a r e p o r t r a y e d a t a n a g g r e g a t e f u n c t i o n a l l e v e l --s u c h a s manh o u r s e x p e n d e d b y c i v i l / s t r u c t u r a l , m e c h a n i c a l , o r e l e c t r i c a l e n g i n e e r s i n a g i v e n work p h a s e --r a t h e r t h a n a t t e m p t i n g t o f o l l o w t h e d i s c r e t e o r g a n i z a t i o n a l s t r u c t u r e and i n d i v i d u a l t a s k d e f i n i t i o n used t o manage t h e p r o j e c t . The flows a r e modeled t h r o u g h a d e t a i l e d series of d i f f e r e n c e e q u a t i o n s which a r e s o l v e d by t h e computer i n d i s c r e t e t i m e s t e p s , p r o v i d i n g a time-based r e p r e s e n t a t i o n of a c t u a l and p r o j e c t e d c o s t s and s c h e d u l e s .
The t r a d i t i o n a l approach t o f o r e n s i c ( e . g . ,
what went wrong) c r i t i c a l p a t h methods i n v o l v e s an e x p e n s i v e r e c o n s t r u c t i o n of t h e v a r i o u s c r i t i c a l p a t h s which e x i s t e d a t d i f f e r e n t epoches over t h e l i f e of a p r o j e c t .
P r o j e c t d a t a i s reviewed and p l a c e d i n " b i n s " which d e f i n e a l l o c a t e d man-hours. P r o j e c t c o s t r e c o r d s a r e t h e n a n a l y z e d by e x p e r i e n c e d e n g i n e e r s who proceed t o r e -a s s i g n man-hours from t h e p r o j e c t a c c o u n t i n g s y s t e m t o t h e v a r i o u s newly-defined b i n s .
One weakness of t h e "bin a n a l y s i s " t e c h n i q u e i s t h a t it o f t e n f a l l s s h o r t of f u l l y q u a n t i f y i n g t h e impacts o f c h a n g e b e c a u s e t h e b i n c o n t e n t s a r e s y n t h e s i z e d f r o m p r o j e c t d a t a a s s u m i n g c o n s t a n t p r o d u c t i v i t y . Hence, a s i g n i f i c a n t p o r t i o n of an impact may be overlooked, such a s reduced p r o d u c t i v i t y i n o t h e r d i s c i p l i n e s o r a d d i t i o n a l o v e r t i m e c o s t s i n c u r r e d i n " c r a s h " t a s k s . In c o n t r a s t , dynamic p r o j e c t models d i s t i l l an impact by r e c r e a t i n g t h e p r o j e c t i n a computer s i m u l a t i o n . The v a l u e f o r t h e layman i n t h i s a p p r o a c h i s t h e s i m p l i f i c a t i o n of l a r g e s c a l e c o n s t r u c t i o n p r o j e c t c o m p l e x i t i e s and t h e p r e s e n t a t i o n o f a n a l y s i s i n a g r a p h i c form.
WHERE LPS PERFORMS AND CPM/PERT DOES

NOT
Two reasons highlight the advantage of using LPS o v e r t h e t r a d i t i o n a l CPM/PERT methods t o a n a l y z e l a r g e c o n s t r u c t i o n p r o j e c t s w i t h c o n t i n u o u s d i s t u r b a n c e s . b a s i s r e v i e w s how CPM/PERT, w h i c h a r e " s t a t i c " m e t h o d o l o g i e s , do n o t d e a l w i t h t h e n o n l i n e a r p r o d u c t i o n r a t e s and o t h e r dynamic c h a r a c t e r i s t i c s o f a l a r g e s c a l e p r o j e c t .
Inherent Assumptions of Zero Deviation to Task Duration
CPM t e c h n i q u e s assume t h a t e a c h t a s k h a s a s e t d u r a t i o n . I n d e t e r m i n i n g t h e p r o j e c t c r i t i c a l p a t h , t h e d u r a t i o n of t h e t a s k s are n o t allowed t o v a r y . A s e t , l o g i c a l sequences of t a s k s i s d e t e r m i n e d . A l l t a s k d u r a t i o n s a r e added f o r t h e s e l o g i c a l s e q u e n c e s . The l o n g e s t c o m b i n a t i o n of l o g i c a l s e q u e n t i a l t a s k d u r a t i o n s i s t h e c r i t i c a l p a t h . 
e ) , t h e mean e x p e c t e d p r o j e c t d u r a t i o n i s 5 . 8 d a y s . S h o n b e r g e r g o e s on t o make some g e n e r a l c o n c l u s i o n s : t h e l a r g e r t h e t a s k -t i m e v a r i a b i l i t y , t h e l a t e r ( t h a n CPM d e t e r m i n e s ) t h e mean p r o j e c t d u r a t i o n ; and,
t h e f a t t e r t h e network ( t h e l a r g e r t h e number of p a r a l l e l t a s k s ) , t h e l a t e r t h e mean p r o j e c t d u r a t i o n . I I I a s i m i l a r way, K l i n g e l p r o v i d e s a more s o p h i s t i c a t e d a n a l y s i s f o r t h e l a r g e P E R T network. PERT networks account f o r t a s k t i m e v a r i a b i l i t y by a l l o w i n g each t a s k t o have a b e s t , worst and most l i k e l y d u r a t i o n s . These t h r e e a r e combined f o r each s e t of l o g i c a l s e q u e n c e s o f t a s k s t o d e t e r m i n e t h e most l i k e l y p r o j e c t d u r a t i o n .
The n e t w o r k s examined by K l i n g e l , i s a s f o l l o w s : personal, i n s t a l l a t i o n of equipment, t o a c t u a l opening f o r business. Each installation required a b o u t one hundred elements. I n addition, about one hundred elements common t o a l l restaurant t i e d the ten parallel installations together w i t h common constraints. These comprised such items as ordering consumables, w a re h o U s i n g s y s t e m s , d e v e 1 o p i n g accounting procedures, advertising campaigns, etc. With nearly 1,100 elements, it was felt that the network was large and complex enough to give results which would not be too easily predicted. " K l i n g e l was i n t e r e s t e d i n examining t h e e f f e c t of pro:ject d u r a t i o n on t h e numbers of p a r a l l e l p a t h s and t h e t i m e v a r i a n c e on t h e i n d i v i d u a l t a s k s . The number of p a r a l l e l p a t h s was v a r i e d by changing t h e number of r e s t a u r a n t i n s t a l l a t i o n s . The t a s k t i m e v a r i a n c e was examined by g e n e r a t i n g normal random d e v i a t e s f o r a g i v e n s e t of F i s h e r ' s c o e f f i c i e n t of v a r i a t i o n ( 0 , 1/6, 1/3, and 1/2). Twenty-five r u n s w e r e c a l c u l a t e d f o r e a c h s c e n a r i . 0 , v a r y i n g t h e numbers o f r e s t r a i n e d i n s t a l l a t i o n s . The c a s e s r e p r e s e n t one through t e n r e s t a u r a n t i n s t a l l a t i o n s .
The r e s u l t s showed t h a t t h e p r o j e c t c o m p l e t i o n t i m e i n c r e a s e d o v e r P E R Tp r e d i c t e d completion t i m e s a s b o t h t h e number of i n s t a l l a t i o n s (number of p a r a l l e l p a t h s )
and t h e c o e f f j -c i e n t of v a r i a t i o n s ( i . e . , t a s k time v a r i a b i l i t y ) i n c r e a s e d . The i n c r e a s e f o r e a c h v a r i a b l e was b o t h n o n -l i n e a r a n d d e p e n d e n t on t h e o t h e r v a r i a b l e s . I n a n a t t e m p t t o u n d e r s t a n d t h e s e c o r r e l a t i o n s K l i n g e l performed a s e t of numerical methods, c u r v e f i t t i n g a n a l y s i s and d e r i v e d a set of e q u a t i o n s g r a p h i c a l l y r e p r e s e n t i n g t h e d e p e n d e n c i e s f i g u r a t i v e l y p r e s e n t i n F i g u r e 1.
F i g u r e 1 A s d e s c r i b e d above from a t h e o r e t i c a l b a s i s , S h o n b e r g e r and K l i n g e l d e m o n s t r a t e t h a t CPM/PERT networks have i n h e r e n t weaknesses a s t h e number o f p a r a l l e l p a t h s and t i m e a c t i v i t y v a r i a b l e i n c r e a s e s .
Methods suggested by t h e a u t h o r s t o overcome t h e u n d e r p r e d . i c t i o n of p r o j e c t c o m p l e t i o n d u r a t i o n s by CPM/PERT i n c l u d e h a v i n g t h e
p r o j e c t manager ( a ) always assume t h e CPM d u r a t i o n i s wrong a n d ( b ) s u b j e c t i v e l y r e e v a l u a t e t h e p r o j e c t d u r a t i o n on a c o n t i n u o u s b a s i s . B a s i c a l l y t h e s e s o l u t i o n s a s k t h e CPM/I?ERT p r a c t i o n e r s o r u s e r s t o r e c o g n i z e t h e i n h e r e n t b i a s of C P M / P E R T t e c h n i q u e s . From a p r a c t i c a l p o i n t of view, t h i s i s p o s s i b l e i n some s i t u a t i o n s . However, when l a r g e p r o j e c t s a r e i n v o l v e d , even t h e most s k i l l e d p r a c t i o n e r s ' s i n s t i n c t may n o t be enough t o c a p t u r e complex second and t h i r d o r d e r e f f e c t s .
Inability t o Account f o r Non Linear Product Rates and Feedback.
I n a d d i t i o n t o t h e a b o v e d i s c u s s e d t h e o r e t i c a l l i m i t a t i o n s , CPM/PERT methods a r e l i m i t e d i n t h e i r a b i l i t y t o a c c o u n t f o r non l i n e a r p r o d u c t i o n r a t e s a n d f e e d b a c k . CPM/PERT assume a c o n s t a n t p r o d u c t i o n r a t e f o r a g i v e n t a s k . F o r example, CPM m i g h t assume e a c h drawing r e q u i r e s 5 0 e n g i n e e r i n g man-hours. A g i v e n t a s k might be t o produce a 1 0 0 c i v i l s t r u c t u r e d drawings i n 3 months. I n r e a l i t y , t h e number o f e n g i n e e r i n g h o u r s t o produce a drawing may be a f u n c t i o n of ( a ) t h e e x p e r i e n c e l e v e l of t h e e n g i n e e r s , ( b )
e r s i s t e n t dynamic t e n d e n c i e s which a r i s e from t h e system c a u s a l s t r u c t u r e . T h i s c h a r a c t e r i s t i c i s o f t e n imposed on t h e p r o j e c t by c o n s t r a i n t s such a s l a b o r a v a i l a b i l i t y , management p o l i c i e s , and g o v e r n m e n t r e q u i r e m e n t s .
T r a d i t i o n a l m e t h o d o l o g i e s do n o t cope w i t h d e l a y s and d i s r u p t i o n c o s t s s i
n c e t h e y a r e t y p i c a l l y t a s k o r i e n t e d . They a r e l e s s e f f e c t i v e i n a n t i c i p a t i n g and p l a n n i n g f o r i n d i r e c t , s e c o n d , and t h i r d o r d e r " r i p p l e e f f e c t s " p r o d u c e d b y d i s t u r b a n c e s . T h e s e a r e s n o w b a l l i n g s c o p e e x p a n s i o n s , s c h e d u l e a d d i t i o n s , and p r o d u c t i o n i n e f f i c i e n c i e s . They may occur w i t h i n a work phase or between c o n s t r u c t i o n s u b p r o j e c t s a s a r e s u l t of a l t e r e d work s e q u e n c e s , c o n f l i c t i n g f a c i l i t i e s and manpower r e q u i r e m e n t s , s k i l l d i l u t i o n , and u n d e t e c t e d work e r r o r s .
I n r e a l l i f e , a c o n s t r u c t i o n p r o c e s s r e q u i r e s many t y p e s o f i n p u t s o v e r t h e d u r a t i o n of an a c t i v i t y t o produce an o u t p u t which may be d i s t r i b u t e d o v e r t i m e . The s y s t e m methodology d i s c u s s e d above models r e a l l i f e p r o c e s s e s i n t e r m s o f i n p u t s , t r a n s f o r m a t i o n , o u t p u t s , c o n s t r a i n t s , and i n t e r a c t i o n s .
I n a d d i t i o n , t h e t i m e t o c o m p l e t e a n a c t i v i t y i s computed i n t h e d u r a t i o n of a p r o c e s s a s t h e a c t i v i t y moves toward completion.
T r a d i t i o n a l CPM/PERT methods u s u a l l y d e s c r i b e a n a c t i v i t y i n terms of d u r a t i o n and c o s t s . U n i t r a t e s a r e c o n s t a n t s d e r i v e d from h i s t o r i c a l d a t a . I n t h e a n a l y s i s of impact disturbances, we are concerned with how project management can effectively utilize inputs and transformations to ensure that the phases of a project or subprojects are working effectively and the project is on schedule. The richer structure provided by the systems methodology enables us to operate on a "what if" mode to test the impact of alternative strategies by changing inputs to the processes and rates of production. For example, if we want to contain a disturbance by minimizing its impact on a critical activity, we may try to "compress" the activity. CPM/PERT offers trade o f f s between cost and duration (the shorter the duration, the costlier the activity). However, they do not easily represent inherent non linearities typical of these trade offs. Furthermore, they do not allow technology changes or organizational changes which may be necessary to complete an activity within schedule.
HOW AN LE'S MODEL IS CONSTRUCTED
In order to obtain an appreciation of how LPS overcomes the limitations of CPM/PERT methods, an understanding of how LPS models are constructed is essential. In order to analyze the impact of complex issues on large scale, multi-billion dollar construction projects the project is defined in terms of:
(1) transformations of ideas, materials, and energy into generalized interlinked commodities; and,
(2) organization of these commodities into phases or blocks to orderly proceed from design to detailed design to procurement to construction.
Processes can be defined in terms of input flows of energy, materials, etc., that are transformed by people and machines to produce finished products as outputs. These finished products can be completed desisns, finished construction, etc., depending on-the phase of the project .
From Figure 2 , it is apparent that the amount of output over time depends on the inputs and the transformation process. For example, if we increase the number of engineers working in design phase, we can expect an increase in the output per unit of time. This rate of production, however, tends not to be linear. That is, if we double the number of engineers, we do not necessarily double the output. Furthermore, i f we increase the number of engineers without regard to working space requirements, we would be creating an additional problem of congestion that usually reduces the engineers' efficiency and, consequently, their output rate. Even assuming that problems of congestion do not exist, engineers would be hard pressed to produce if a backlog of preliminary designs does not exist.
Where Figure 2 presents the generalized concept of how a project is viewed by LPS, Figure 3 depicts a more concrete example of a model that represents the transformation of ideas to output. This figure presents a typical design process which involves a conceptual or basic design followed by a detailed design which is in turn used for procurement and or construction activities. Conceptual or basic design precedes detailed design. Changes to the conceptual design can occur after completion of conceptual design but before detailed design is initiated, after detailed design is complete, or prior to procurement or during the procurement/construction process. The conceptual design is performed by engineers. The detailed design is performed by junior technicians or draftsman. For a large project there may be any number of basis building blocks. For example, each discipline-civil, structural, mechanical , electrical, etc. -could be modeled as a basic building block. 
MATERIALS IDEAS
MANPOWER, EQUIPMENT, TECHNOLOGY
P r o j e c t Management d e t e r m i n e s t h e s i z e of t h e Design Backlog a t t h e o n s e t of t h e p r o j e c t . T h i s b a c k l o g i s t r a n s f o r m e d , by d e s i g n e n g i n e e r i n g , i n t o d e t a i l e d d e s i g n a t
a r a t e p e r day.
A p o r t i o n of t h e d e t a i l e d d e s i g n s a r e r e t u r n e d t o t.he Design Backlog(1oop 1) t o be reworked. The r e s t a r e t r a n s f o r m e d by e n g i n e e r s a n d d r a f t s m e n i n t o d e t a i l e d d e s i g n , a t a g i v e n r a t e , t o become t h e Procurement Backlog.
A p o r t i o n of t h e Procurement Backlog i s r e j e c t e d t o be rework a g a i n by d e t a i l e d d e s i g n ( l o o p 2 ) w h i l e an o t h e r p o r t i o n i s r e t u r n e d t o D e s i g n B a c k l o g ( l o o p 3 ) . Approved d e t a i l e d d e s i g n c o n t i n u e s t o procurement.
For t h i s s i m p l e b u i l d i n g b l o c k many non l i n e a r i t i e s c a n a r i s e . The C o n c e p t u a l Design Rate may n o t be c o n s i s t e n t w i t h t h e D e t a i l e d Design R a t e c a u s i n g t h e D e t a i l Design Backlog t o i n c r e a s e o r d e c r e a s e over t i m e . The rates -Conceptual Design Rate or D e t a i l D e s i g n R a t e -may i n c r e a s e o r d e c r e a s e i n d e p e n d e n t l y o v e r t i m e b a s e d on t h e a v a i l a b i l i t y of e n g i n e e r s , t e c h n i c i a n s o r d r a f t s m e n . The P r o c u r e m e n t B a c k l o g , which i s r e j e c t e d t o b e r e w o r k e d by Conceptual Design might o c c u r when t h e r e a r e no e n g i n e e r s a v a i l a b l e due t o p r o j e c t d e s t a f f i n g or u t i l i z a t i o n on o t h e r work e f f o r t s . Design Backlog i s u s u a l l y planned assuming a c o n s t a n t d e c r e a s e . I n r e a l i t y , i t may v a r y . Under t h e s t r e s s of a d i s t u r b a n c e , such a s t h e r e -d e s i g n o f some p o r t i o n of t h e p r o j e c t , Design Backlog may i n c r e a s e c o n s i d e r a b l y .
I n t h a t c a s e , d e s i g n e n g i n e e r i n g becomes t h e b o t t l e neck t h a t slows down t h e p r o g r e s s of t h e p r o j e c t . A s o t h e r phases ( s u c h as p r o c u r e m e n t a n d c o n s t r u c t i o n ) a r e c o u p l e d , t h e l e v e l o f complexity produced by t h e dynamics of t h e s i t u a t i o n may i n c r e a s e d r a m a t i c a l l y .
The b u i l d i n g block p r o c e s s i n F i g u r e 2 i s t e r m e d a "commodity f l o w module" i n LPS t e r m i n o l o g y . The commodity r e p r e s e n t e d i s e n g i n e e r i n g d r a w i n g s . Of c o u r s e , many c o m m o d i t i e s a r e r e p r e s e n t e d i n a l a r g e complex p r o j e c t . Table 1 l i s t s some t y p i c a l commodities t h a t can b e r e p r e s e n t e d i n a p r o j e c t .
The commodities a r e chosen b a s e d on t h e p r o b l e m b e i n g a n a l y z e d . The number of commodities u s e d i n a model c a n be a s v a r i e d a s a f u n c t i o n of t h e problem b e i n g a n a l y z e d .
T y p i c a l l y , a number o f commodities a r e chosen b a s e d on modeling e x p e r i e n c e . A f i r s t c u t model i s developed.
A s t h e r e s u l t s a r e reviewed, a d e c i s i o n can be made a s t o where g r e a t e r d e t a i l of commodities i s r e q u i r e . T h i s " t o p down" approach p r o v i d e s g r e a t f l e x i b i l i t y i n t h e development of t h e f i n a l model. Table 1 For example, using a number of commodity blocks, a dynamic macro-engineering model that measures output in traditional terms of bulk commodities (the output of an engineer is "x" tons of structural steel a day and that of a construction worker is iiy" tons of concrete a day) is built . This enables the user to visualize the impact of changing rates of output, shortages of material, etc.
The model becomes more s o p h i s t i c a t e d w h e n e l e m e n t a r y transformations are considered as part of organized phases in the construction project, such as design or detail design and the overlapping between commodities. One additional refinement necessary in the model has been matching the commodities with engineering skill requirements (such as structural engineering or mechanical engineering) and considering engineers at junior and senior levels.
Quantifying impacts that disturbances produce in a project organization requires knowledge of (1) where and when within the boundaries of the system the disturbance is introduced, and (2) what is the expected duration of the disturbance. With this information and a dynamic model of the project organization, we are able to simulate the scenario of disturbances and learn (1) how the individual subsystems react, and (2) how individual subsystems reactions propagate to other subsystems within the project organization. This is achieved by incorporating "policy modules" into the model. Policy modules represent policies which affect the method in which the project is structured and in which the commodities are liked. For example; Federal, State, or local government standards all affect the project methods and structure. When government policies (i.e., new regulations) are issued, the effect Of this disturbance on the project can be observed. Thus, the analysis of impact requires the modeling of disturbances as well as the processes takin9 Place in the organization. Figure 4 depicts the interaction between the basic commodity modules and the policy modules.
The three boxes in the Figure 5 diagram represent resource inventories for the number of staff engineers, the number of experienced engineers, and the amount of work completed. The rate at which resources accumulate is controlled by "rate-terms'' (represented here by the circular symbol in the pipe stream). They are also consistent with the resource flow analogy. For example, the experienced engineers enter from a "cloud" (acquired from elsewhere in the model or externally), and accumulate at a rate governed by the "experienced engineer acquisition rate". Experienced engineers leave the project at a rate controlled by the experienced engineer attrition rate.
Similarly, the inventory of completed work is constantly built up, controlled by the "work completion rate".
The attrition rate is controlled by other factors (represented by circles connected by arrows to the attrition "rate-term") .
For example, the quantity " supervision level" is a function of the number of experienced engineers. In this simple model, the supervision level is shown to affect the complete work rate through the overall productivity term. Similarly, the amount of work completed is shown to affect a term referred to as "schedule pressure". This model uses schedule pressure as one influence controlling the staff of engineers available to perform work. If all the relationships presented in the diagram are traced, it can be seen that many factors influence or "feedback" on the rate and quantity of project resources in a complex manner.
Such complexity reflects the difficulty real managers face in controlling a project. An example o f t h e u s e o f a LPS model i s o f t e n u s e f u l i n o b t a i n i n g an u n d e r s t a n d i n g o f t h e r e s u l t s o f LPS. T h i s example i s d e r i v e d from a n a c t u a l case s t u d y which examines t h e impact o f changing government r e g u l a t i o n s a f f e c t i n g t h e d e s i g n o f a large power p l a n t .
To i l l u s t r a t e t h e p r i n c i p l e o f a dynamic p r o j e c t model, a s i m p l i f i e d r e p r e s e n t a t i o n o f some o f t h e m a n a g e r i a l c o n s i d e r a t i o n s a f f e c t i n g t h e e n g i n e e r i n g a s p e c t s o f t h e p r o j e c t i s p r e s e n t e d i n F i g u r e 5 . T h r e e terms a r e p a r t i c u l a r l y important t o t h e flow o f work on a p r o j e c t : s t a f f i n g , aggregate work, and p r o d u c t i v i t y . T h i s model i l l u s t r a t e s t h e b a s i c flow of work on a n e n g i n e e r i n g p r o j e c t . I t i s p r o v i d e d o n l y t o i n t r o d u c e t h e c o n c e p t u a l b a s i s f o r dynamic models. A c t u a l p r o j e c t models c o n s i d e r a f a r g r e a t e r number of f a c t o r s and t h e i r i n t e r r e l a t i o n s h i p s . These r e l a t i o n s h i p s a r e t r a n s l a t e d i n t o d i f f e r e n c e e q u a t i o n s f o r a t ime-dependent s o l u t i o n b y c o m p u t e r s i m u l a t i o n . The product o f t h e s.imulation i s a t r a c e of t h e key v a r i a b l e s c o n t r o l l i n g t h e work flow o v e r t h e l i f e of t h e p r o j e c t . An example of t h e k i n d s of r e s u l t s a v a i l a b l e from a complete model i s p r e s e n t e d i n F i g u r e 6 i n t h e form of t h e t h r e e c u r v e s : 1) Curve A c o n t a i n s t h e o r i g i n a l p r o j e c t c o s t assuming no i n t e r v e n t i o n ;
) Curve B p r o v i d e s t h e p r o j e c t c o s t e s t i m a t e d a t t h e t i m e a b a c k f i t i s imposed; and,
) Curve C i s t h e a c t u a l p r o j e c t c o s t s of t h e p r o j e c t a t i t s c o n c l u s i o n which i n c l u d e s t h e b a c k f i t c o s t s .
T h e r e s u l t s o f Curve A p r e s e n t s t h e p r o j e c t manager ' s e x p e c t a t i o n for t h e p r o j e c t e x p e n d i t u r e s assuming t h e r e i s no c h a n g e t o t h e p r o j e c t . T h i s c u r v e i s a c t u a l l y g e n e r a t e d by t h e model's p l a n n i n g a n d s c h e d u l i n g module which e m u l a t e s a n e t w o r k / c r i t i c a l p a t h p l a n n i n g system. The model e v a l u a t e s r e s o u r c e c o n s t r a i n t s assumed a t t h e p r o j e c t o u t s e t and developed o v e r t h e p r o j e c t , m o n i t o r s t h e t o t a l m a g n i t u d e o f work ( i n c l u d i n g some u n a v o i d a b l e r e w o r k ) , and c a l c u l a t e s t h e o v e r a l l e x p e n d i t u r e r a t e on t h e p r o j e c t a t v a r i o u s p o i n t s i n t i m e .
F o r t h e f i r s t a n a l y s i s , t h e o r i g i n a l p r o j e c t workscope i s s u b j e c t e d t o a low l e v e l o f changing requirements i n t r o d u c e d a t a r a t e comparable t o t h a t experienced by F i g u r e 6 the industry during the previous five year historical period. These requirements are imposed over a 50-week period. As the requirements are identified, the planning module within the project model translates changing regulatory requirements into additional workscope representing the anticipated or "first-order" impacts of regulatory change. The completion of this workscope is planned by the project model so as to optimize the project's scheduled completion date. The model calculates the project expenditure rate as provided in Curve B.
The actual costs of the projectincluding both direct impacts and indirect ripple effects -are shown in Curve C. As with the other curves, Curve C is a calculated product of the project model. Unlike Curves A and B, however, Curve C is not calculated by the critical path module. Instead, it represents the total cost incurred by the engineers in performing the work under varying conditions of productivity, slack, and rework that are created by regulatory change.
The key feature of Figure 6 is its illustration of the ripple effect. Note the incremental cost of the backfit over the original workscope (represented by the difference between Curve A and B). These curves are the original estimates of the additional charges associated with the backfit. Curve C illustrates ripple effects associated with imposing the backfit on the engineering project. When the project is completed, the ripple effects are over five times what was originally estimated to be added to the project. Moreover, sensitivity analyses not presented here demonstrates that these effects are inherent in any project subjected to external intervention and will resist remedial management policies or procedures.
By utilizing an LPS model, Devonrue was able to accurately assess the impacts of changing government regulations in construction projects at nuclear power f a c i l i t i e s . These analyses have conclusively shown, in terms of project cost, completion time, and functional efficiency, that overruns were not only a function of additional design and construction time but they were also caused by "hidden delays" due to incomplete designs being issued late and significant amounts of engineering and construction rework.
Lps MODEL IMPLEMENTATION
Because of their dynamic nature, a dynamic simulation language is required to build LPS models. For construction claim models which are built primarly to develop and strength the arguments of experts involved in the claim, the use of these models is generally restricted to very few simulation runs and the interpretation of the result of the runs is a joint effort of the model builder and the expert which, in some cases, is the same individual. For the development of this type of models, DYNAMO (and Professional DYNAMO for t h e microcomputer) has been widely used. DYNAMO has the advantage of providing the model builder with an effective tool to build prototypes in a short period of time.
Simulation run times vary of course with the size of the model. For the example discussed above, the model consisted of over 2,000 lines of code containing over 400 variables. The simulation was run over a 400 week time period with one week time steps. Runing time on a VAX 785 was typically 2-3 minutes after compilation. The method of integration was Euler's method. Runge-Kutta were available in DYNAMO but were not required for this simulation.
For other LPS applications such as project management analysis, DYNAMO is not the best suited simulation language. By the nature of the project management analysis models, it can be expected that: (a) these models will have a heavier utilization than construction claim models, and (b) a large number of users will utilize the model. For this application, the desired simulation language is one that enable the modeler to build dynamic model of the problem being analyzed, and that also supports the development of a user friendly interfaces. A third requirement is to effectively support large scale data bases which are an essential component of a large scale construction model. While a number of dynamic simulation software packages currently exist that can support some aspects of LPS modeling, none completely satisfy all the requirements outlined above. For this reason, C presently is being used as the primary language for building project management analysis models.
Building LPS models using C has the primary advantage of model transportability from microcomputers to mainframes and viceversa. Another advantage is the considerable collection of efficient and inexpensive graphics, windows, and utility programs that interface with C, which give the model greater flexibility in model design. But this flexibility o b v i o u s l y comes at the expense of the additional manpower required for model development.
Clearly a simulation language based on a modern language like C which can handle equally well large scale dynamic models with several hundred state variables, large data bases and user friendly man-machine interfaces could be highly desirable. GSL I1 is a discrete/dynamic simulation language being currently developed that meet the majority of the requirements for
